Aim: Rosiglitazone is one of the specific PPARγ agonists showing potential therapeutic effects in asthma. Though PPARγ activation was considered protective in inhibiting airway inflammation and remodeling in asthma, the specific mechanisms are still unclear. This study was aimed to investigate whether heme oxygenase-1 (HO-1) related pathways were involved in rosiglitazone-activated PPARγ signaling in asthma treatment. Methods: Asthma was induced in mice by multiple exposures to ovalbumin (OVA) in 8 weeks. Prior to every OVA challenge, the mice received rosiglitazone (5 mg/kg, po). After the mice were sacrificed, the bronchoalveolar lavage fluid (BALF), blood samples and lungs were collected for analyses. The activities of HO-1, MMP-2 and MMP-9 in airway tissue were assessed, and the expression of PPARγ, HO-1 and p21 proteins was also examined. Results: Rosiglitazone administration significantly attenuated airway inflammation and remodeling in mice with OVA-induced asthma, which were evidenced by decreased counts of total cells, eosinophils and neutrophils, and decreased levels of IL-5 and IL-13 in BALF, and by decreased airway smooth muscle layer thickness and reduced airway collagen deposition. Furthermore, rosiglitazone administration significantly increased PPARγ, HO-1 and p21 expression and HO-1 activity, decreased MMP-2 and MMP-9 activities in airway tissue. All the therapeutic effects of rosiglitazone were significantly impaired by co-administration of the HO-1 inhibitor ZnPP. Conclusion: Rosiglitazone effectively attenuates airway inflammation and remodeling in OVA-induced asthma of mice by activating PPARγ/HO-1 signaling pathway.
Introduction
Resulted from activation of inflammatory cells including eosinophils, neutrophils, macrophages, mast cells, and T lymphocytes, asthma is now generally accepted as a chronic airway inflammatory disorder [1] . Under pathological condition of asthma, inflammatory mediators such as cytokines and chemokines, would be released from these cells to induce sustained chronic airway inflammation which eventually leads to bronchoconstriction and airway remodeling [2] . Stimulated by chronic inflammation, elevated smooth muscle cell proliferation and extracellular matrix (ECM) deposition [3, 4] would lead to alteration of molecular constitute composition and reorganization of airway wall structure which are the characteristics of airway remodeling [5] . Furthermore, previous studies sug-gested airway remodeling is one of the risk factors for corticosteroid-refractory (CSR) asthma [6, 7] . Thus, drugs and reagents which could suppress airway inflammation and remodeling are of therapeutic significance.
Peroxisome proliferator-activated receptors (PPARs) belong to the ligand-activated nuclear receptor superfamily. Three isoforms of PPAR have been cloned, namely the PPAR-alpha (PPARα), PPAR gamma (PPARγ), and PPAR-delta (PPARδ) [8] . Distributed in different organs and tissues, these receptors play important roles in critical biological processes including glucose and lipid homeostasis regulation, cell proliferation, cell differentiation and inflammation [9] . Strategy of activating PPARγ has shown benefits in protecting cell from inflammation-induced injuries. Rosiglitazone was identified as one of the specific agonists of PPARγ which exerted potential therapeutic effects on acute lung injury and pulmonary arterial hypertension according to previous studies of our group [10, 11] . A study suggested that rosiglitazone prevented perinatal npg nicotine exposure-induced asthma in rat offspring [12] . It was reasonable for us to presume that rosiglitazone could alleviate airway remodeling by activating PPARγ in asthma.
According to previous literatures, heme oxygenase (HO)-1 was suggested as one of the down-stream effectors of PPARγ [11, 13] . Our previous work showed that HO-1 could upregulate expression of p21 protein [10] which was considered as an inhibitor of cell proliferation. Notably, matrix metalloproteinase (MMP)2 and MMP-9 were considered regulated by HO-1, which are the key molecules adjusting ECM deposition and degradation in airway remodeling. Thus, PPARγ/HO-1/ MMPs and PPARγ/HO-1/p21 are the possible pathways in regulating airway remodeling in asthma. In this study, in vivo model of asthma induced by ovalbumin (OVA) administration was used to evaluate the therapeutic effects of rosiglitazone. Furthermore, the possible involvement of PPARγ/HO-1/ MMPs and PPARγ/HO-1/p21 pathways in rosiglitazone's anti-asthma mechanism was also investigated.
Materials and methods
Animals and in vivo asthma model Thirty-two female Balb/c mice (6 week-old, SPF class, provided by Experimental Animal Center of Xi'an Jiaotong University) were maintained in separated cages under controlled condition (temperature 25±1.5 ºC, humidity 65%±4%, 12-h light-dark artificial cycle) for 7 d prior to subsequent experiments. Mice could access freely to fresh water and standard diet continuously. The animal experimental procedures followed protocols approved by Medical Animal Research Ethics Committee at Xi'an Jiaotong University.
Thirty-two mice were divided into 4 groups evenly and randomly: control group (Con), OVA-induced asthma group (OVA), rosiglitazone treated OVA-induced asthma group (OVA+ROSI) and rosiglitazone and zinc protoporphyrin-IX (ZnPP) treated OVA-induced asthma group (OVA+ROSI+ZnPP). For in vivo asthma modeling, mice were initially sensitized by intraperitoneal injection of 0.1 mL PBS supplemented with 25 μg OVA (Sigma-Aldrich) and 500 μg alum (Sigma-Aldrich) at d 1, 7, and 14. Then in the following 8 weeks, OVA (15 μg) was administered intranasally 3 days per week. For rosiglitazone treatment, rosiglitazone (GSK, 5 mg/kg) was administered orally 6 h prior to every OVA intranasal challenge [14] . For ZnPP treatment, ZnPP (SigmaAldrich, 10 mg/kg, dissolved in 5 mmol/L NaOH, pH=7.4) was administered intraperitoneally accompanied with every rosiglitazone treatment.
Serum and bronchoalveolar lavage fluid (BALF) collection After mice were sacrificed by overdose anaesthetization of pentobarbital sodium (100 mg/kg), blood sample was collected. Serum was collected after blood was centrifuged at 1200×g for 15 min at room temperature which was then stored at -80 ºC. Cold sterile PBS was used to perform bronchoalveolar lavage (BAL) by intratracheal injection. Then the PBS was collected as BALF and the average fluid recovery rate was greater than 90%. BALF was centrifuged at 800×g for 10 min at 4 ºC. The resulted pellet cells were subjected to differential cell count after Wright Giemsa staining. Total cell, eosinophils and neutrophils were counted under a light microscope. The result supernatant was stored at -80 ºC for subsequent enzymelinked immunosorbent assay (ELISA).
Histological assessment
Immediately after the mice were sacrificed, the right lung was lavaged by fixation solution (0.8% formalin and 4% acetic acid) intratracheally. After harvested, lung was further fixed by 10% (v/v) neutral buffered formalin for 48 h and then embedded with paraffin. The lung was then sliced into sections (4 μm) which were then processed by hematoxylin & eosin (H&E) staining and Masson staining. Spot Colled Color Digital camera (Q Imaging) was used to observe the sections and capture the photomicrograph images. The airway smooth muscle layer thickness and collagen intensities were measured by Un-ScanIt software.
ELISA assay
Mice IL-5 ELISA kit (R&D) and mice IL-13 ELISA kit (R&D) were used to detect IL-5 and IL-13 concentrations in BALF supernatant. In addition, serum OVA-sIgE level was detected by using mice OVA-sIgE ELISA kit (R&D). Experimental protocols were in accordance with manufacturer's instructions.
Western blotting
Harvested left lungs were minced and then homogenized by RIPA lysis buffer (Sigma-Aldrich) supplemented with phosphatase inhibitor and protease inhibitor cocktail on ice. After lysates were centrifuged at 14 000×g for 20 min at 4 ºC, the resulted supernatant was collected as total protein. A BCA Protein Assay kit (Thermo) was used to determine the concentration of protein sample. Protein (50 μg) was loaded and then separated by vertical electrophoresis on SDS-PAGE gel. The separated protein was transferred electronically to Trans-Blot nitrocellulose membrane (Bio-Rad) which were then incubated with antibodies against PPARγ (Abcam), HO-1 (Cell Signaling Tech), p21 (BD Pharmingen), and β-Actin (Abcam). After washing, the membranes were incubated with corresponding horseradish peroxidase-conjungated secondary antibodies (Sigma-Aldrich). Finally, the membranes were developed by SuperSignal West Pico Chemiluminescent Substrate (Pierce Protein Biology) and exposed to X-ray films. The intensities of the immunoblots were quantified by Scion Image software.
HO-1 enzymatic activity assay
The tissue homogenates was centrifuged at 10 000×g for 15 min at 4 ºC. The resulted supernatant was treated as testing sample. The enzymatic activity of HO-1 was evaluated by using HO-1 activity assay kit (GenMed) according to the manufacturer's instructions. This spectrophotometric method was based on the conversion of heme into carbon monoxide, biliverdin and ferrous iron. 
MMP activity determination by zymography
The extracted protein from lung tissue was mixed with Trisglycine SDS sample buffer without reducing agents and separated in gelatin zymography gel by vertical electrophoresis. Then the gel was incubated in 2.5% Triton X-100 for 30 min, followed by incubation in Tris-HCl (10 mmol/L, pH=7.4) supplemented with 0.2 mol/L NaCl, 5 mmol/L CaCl 2 and 0.02% Brij 35. 0.5% Coomassie blue R250 was used to stain the gel which was destained in destaining buffer (containing 25% MeOH and 10% acetic acid). The resulted bands were visualized and analyzed by Gel DocTM XR (Bio-Rad).
Statistics
Values in this study are presented in a (mean±SD) manner. Data was analyzed by SPSS (SPSS, ver 16.0) statistic software. Differences were analyzed using one-way ANOVA followed by Tukey's post-hoc tests. P<0.05 was considered statistically significant.
Results
Rosiglitazone treatment attenuated airway inflammation in OVAinduced asthma model Both of eosinophils cell count and inflammatory cytokine detection were used to investigate the effects of rosiglitazone in asthma mice. The cell count of total cell, eosinophils and neutrophils elevated dramatically in OVA compared with Con in BALF. Eosinophils increase is generally considered as the hall mark of asthma onset and neutrophils is considered the indicator of inflammation (Figure 1 ). Rosiglitazone administration in ROSI significantly reduced inflammatory cell accumulation in BALF. Moreover, also demonstrated in Figure  1 , levels of inflammatory cytokines including IL-5, IL-13, and OVA-sIgE increased significantly in OVA-induced asthma mice which were reduced by ROSI significantly. Notably, ZnPP administration dramatically impaired rosiglitazone's inhibitory effects on eosinophils accumulation and inflammatory cytokine elevation.
Rosiglitazone treatment alleviated airway remodeling in OVAinduced asthma model Collagen deposition and airway smooth muscle layer thickness were investigated by H&E and Masson's staining, respectively to indicate the degree of airway remodeling. Figure  2 demonstrated the captured images of H&E and Masson's staining of airway tissue. Collagen deposition and airway smooth muscle layer thickness were significantly increased in OVA-treated mice but then alleviated remarkably by rosiglitazone treatment. However, in OVA+ROSI+ZnPP, after administration of ZnPP, the HO-1 inhibitor, collagen deposition and airway smooth muscle layer thickness were more increased than in OVA+ROSI group.
The effects of rosiglitazone and ZnPP on PPARγ expression in asthma mice As shown in Figure 3 , the expression level of PPARγ was significantly increased in OVA than Con. In OVA+ROSI, further elevated PPARγ expression was found when compared with OVA. Furthermore, there were no significant changes of PPARγ expression after ZnPP administration in OVA+ROSI+ZnPP in comparison to OVA+ROSI group. The effects of rosiglitazone and ZnPP on HO-1 enzymatic activity and expression Figure 4 demonstrated HO-1 enzymatic activity and expression level determined by spectrophotometric method and Western blotting respectively in each group. It was found that the HO-1 enzymatic activity was up-regulated in OVA treated mice. In OVA+ROSI, the enzymatic activity was augmented after rosiglitazone administration. As the HO-1 inhibitor, ZnPP treatment dramatically reduced HO-1 enzymatic activity. Also demonstrated in Figure 4 , the expression level of HO-1 increased in OVA-treated mice and further increased in mice received co-administration of OVA and rosiglitazone. However, in OVA+ROSI+ZnPP, ZnPP treatment significantly reduced HO-1 expression.
The effects of rosiglitazone and ZnPP on expressions of p21 and MMPs As the down-stream effectors of HO-1 which participate in airway remodeling, expression of p21 and activities of MMP-2 and MMP-9 were also examined in this study. Figure 5A demonstrated the expression level of p21 in each group. We found that p21 expression was down-regulated in mice with asthma. However, after administration of rosiglitazone in OVA+ROSI, the p21 expression was significantly up-regulated. ZnPP treatment dramatically reduced p21 expression in OVA+ROSI+ZnPP than OVA+ROSI. Figure 5B demonstrated activities of MMP-2 and MMP-9 detected by zymography. The up-regulated MMP-2 and MMP-9 activities in OVA were impaired by rosiglitazone treatment in OVA+ROSI. Nevertheless, the MMP-2 and MMP-9 activities were elevated after ZnPP administration in OVA+ROSI+ZnPP.
Discussion
Asthma is a common chronic airway inflammatory disorder due to immune and inflammatory reactions. Airway inflammation and remodeling are the two characterized pathological [15, 16] . Among the inflammatory cells participated in occurrence and development of asthma, eosinophils play a featured role [17, 18] . It was considered that the inflammatory mediators and cytokines released by accumulated eosinophils in airway resulted in mucus hypersecretion, increased vascular permeability, bronchial hyperresponsiveness, smooth muscle contraction [19, 20] . Furthermore, cytokines and growth factors released by inflammatory cells such as neutrophils are also involved in initiation of airway remodeling which is characterized by airway smooth muscle proliferation [21] . In this study, we investigated the therapeutic effect of rosiglitazone in OVA-induced asthma and possible mechanisms involved. We found that rosiglitazone attenuated both airway inflammation and remodeling. The results in this study suggested the therapeutic effects were correlated with activation of PPARγ/ HO-1 pathway.
It is believed that PPARγ is a nuclear factor with broad functions in regulating various critical cellular biological processes. PPARγ was originally known as the mediator in regulating cell differentiation and lipid metabolism in adipocytes [22] . However, subsequent accumulating evidence indicated PPARγ's more extensive functions in regulating cell cycle, apoptosis, inflammation, proliferation and so on [23] . In this study, we found that PPARγ expression was elevated in OVA-induced asthmatic animal. This finding was in accordance with results from previous study in which up-regulated PPARγ expression was also found in human asthmatic airway [24] . Previous studies suggested that PPARγ activation alleviated asthmatic features which was evidenced by decreased expressions of cytokines, reduced bronchoconstriction and impaired eosinophils accumulation [25, 26] . Rosiglitazone, one of thiazolidinediones, which is generally considered an agonist for PPARγ with high affinity, was administered to asthmatic animals in this study. Though thiazolidinediones have been withdrawn from the clinical usage in diabetes because of the possible occurrence of cardiovascular complications, they are still of research value because of their property of activating PPARγ. We found that rosiglitazone administration attenuated asthmatic features including airway eosinophils accumulation, inflammatory cytockine levels, smooth muscle layer thickness and collagen deposition, suggesting that the therapeutic effect against asthma exerted by rosiglitazone was associated with activation of PPARγ and its down-stream pathways.
HO-1 is the inducible isoform of HO which catalyzes the degradation of heme into biliverdin, ferrous ion and carbon monoxide [27] . The enzymatic activity of HO-1 is often stimulated in responses to multiple stimuli such as UV radiation, lipopolysaccharide (LPS), heat shock and heavy metals [28] . Increased HO-1 activity is found protective against inflammation, excessive cell proliferation and interstitial fibrosis [29] . Previous study suggested HO-1 could protect against airway inflammation by down-regulating tumor necrosis factor receptor (TNFR)1 dependent oxidative stress [30] . In asthma particularly, it was considered that the increase of HO-1 expression and activity were protective [31] . The anti-asthmatic effects of Ulmus davidiana var japonica were also found associated with up-regulating airway HO-1 [32, 33] . HO-1 has been identified as the down-stream effectors of PPARγ. In our previous studies, we found activation of PPARγ by rosiglitazone significantly inhibited proliferation of pulmonary artery smooth muscle cells which was associated with induction of HO-1 [10, 11] . In the present study, HO-1 enzymatic activity was found increased in response to OVA administration, which was found further elevated in rosiglitazone treated asthmatic mice. After treated by HO-1 inhibitor ZnPP, however, HO-1 activity was reduced dramatically but ZnPP did not affect the PPARγ expression in return. These results suggested that HO-1 was a key mediator in conducting PPARγ signaling to exert protective and therapeutic effect in OVA-induced asthma. We also investigated the translational expression level of HO-1. The results turned out that HO-1 expression was increased in OVA-induced asthmatic mice and further increased by rosiglitazone treatment. Notably, the ZnPP treatment reduced HO-1 expression. There was an inducing effect of ZnPP on expression of HO-1 via early growth response-1 (Egr-1) protein consensus sequence [34] . However, several other studies suggested ZnPP treatment reduced HO-1 protein expression under certain stressful conditions which was in accordance with our results [35, 36] . Indeed, there are conflicting results and arguments about the role of ZnPP in regulating HO-1 expression and the related mechanisms are complicated. We presume it is possible that the effect of ZnPP on HO-1 expression differs under different pathological conditions and further studies are needed.
Several studies showed that this anti-proliferation effect of HO-1 was correlated with up-regulation of its downstream molecule p21 [37] which was believed with proliferation inhibitory effect [38] . Results in this study indicated that after PPARγ/HO-1 pathway was activated by rosiglitazone treatment in asthmatic mice, p21 expression was correspondingly increased. As a result, airway smooth muscle layer thickness which indicated the smooth muscle proliferation was reduced remarkably. In order to reinforce our finding, after the HO-1 activity was inhibited by ZnPP, p21 expression was also inhibited which was accompanied by effect of impaired rosiglitazone on reducing airway smooth muscle layer thickness. Airway collagen deposition was considered as another feature of airway remodeling, particularly in the patients with chronic asthma [39] [40] [41] . Decreased activities of MMPs were believed associated with collagen deposition because MMPs are capable of degrading extracellular matrix components including collagen [42] . HO-1 was reported to reduce collagen by decreasing MMP-2/9 activities and increasing tissue inhibitors of metalloproteinase (TIMP) activities [43] . In this study, we found rosiglitazone-activated PPARγ/HO-1 pathway reduced activities of MMP-2 and MMP-9 and collagen deposition in asthmatic airway, which was reversed by ZnPP administration. These results demonstrated above suggested that p21 and MMP-2/9 were responsible for rosiglitazone-activated PPARγ/HO-1 pathway in reducing airway remodeling in asthmatic mice.
In summary, rosiglitazone showed therapeutic effect by attenuating airway inflammation and remodeling in mice with OVA-induced asthma. Activation of PPARγ/HO-1/p21 and PPARγ/HO-1/MMPs pathways are involved in attenuated airway remodeling by rosiglitzone in mice with OVA-induced asthma. 
